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Abstract
Rod and cone photoreceptors of the vertebrate retina utilize cGMP as the primary
intracellular messenger for the visual signaling pathway that converts a light stimulus into an electrical
response. cGMP metabolism in the signal-transducing photoreceptor outer segment reflects the balance of
cGMP synthesis (catalyzed by guanylyl cyclase) and degradation (catalyzed by the photoreceptor
phosphodiesterase, PDE6). Upon light stimulation, rapid activation of PDE6 by the heterotrimeric Gprotein (transducin) triggers a dramatic drop in cGMP levels that lead to cell hyperpolarization. Following
cessation of the light stimulus, the lifetime of activated PDE6 is also precisely regulated by additional
processes. This review summarizes recent advances in the structural characterization of the rod and cone
PDE6 catalytic and regulatory subunits in the context of previous biochemical studies of the
enzymological properties and allosteric regulation of PDE6. Emphasis is given to recent advances in
understanding the structural and conformational changes underlying the mechanism by which the
activated transducin α-subunit binds to—and relieves inhibition of—PDE6 catalysis that is controlled by
its intrinsically disordered, inhibitory γ-subunit. The role of the regulator of G-protein signaling 9-1
(RGS9-1) in regulating the lifetime of the transducin-PDE6 is also briefly covered. The therapeutic
potential of pharmacological compounds acting as inhibitors or activators targeting PDE6 is discussed in
the context of inherited retinal diseases resulting from mutations in rod and cone PDE6 genes as well as
other inherited defects that arise from excessive cGMP accumulation in retinal photoreceptor cells.
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Introduction
In the vertebrate retina, the initial events in vision occur in the outer segment organelles of rod and
cone photoreceptor cells. It is on the specialized outer segment disk membranes [94] that the proteins
responsible for the first steps in the visual signaling pathway reside, including the photoactivatable Gprotein coupled receptor (rhodopsin (in rods) or cone opsins) and two peripheral membrane proteins, the
heterotrimeric G-protein (transducin) and the photoreceptor cGMP phosphodiesterase (PDE6).
Photoisomerization of 11-cis retinal bound to rhodopsin/opsin leads (via activation of transducin) to a
rapid activation of PDE6 catalytic activity which reduces the cGMP levels in the outer segment, with the
subsequent closure of cyclic nucleotide-gated ion channels in the outer segment plasma membrane and
membrane hyperpolarization [112]. PDE6 inactivation is primarily accomplished by the action of several
additional membrane-associated proteins, namely Regulator of G-protein Signaling 9-1 (RGS9-1), its
obligate partner (G-protein β-subunit Type 5L, Gβ5L), and the integral membrane protein RGS9
Anchoring Protein (R9AP) [7]. The return of PDE6 to its nonactivated state in conjunction with calciumdependent activation of guanylyl cyclase activity restores cGMP levels to their dark-adapted
concentrations [135]. Additional cellular and biochemical mechanisms underlying various adaptational
properties of rod and cone photoreceptors (light-dependent protein translocation, post-translational
modifications of phototransduction proteins, chromophore regeneration, etc.) will not be covered, except
insofar as they directly pertain to the regulation of PDE6.
This review is not intended to be comprehensive, but rather emphasizes recent discoveries on the
structure, function, and regulation of this central effector of visual signaling, with applications to potential
pharmacological interventions for inherited retinal diseases arising from mutations in PDE6 genes.
Because of the challenges in obtaining purified cone photoreceptors for biochemical studies, the better
characterized rod phototransduction pathway will be the primary focus of this review.

PDE6 structure
Rod and cone PDE6 constitute one of the eleven families of Class I cyclic nucleotide
phosphodiesterases that share a highly conserved C-terminal catalytic domain [31,42]. The PDE6 family
is one of five families whose N-terminal regulatory region consists of two tandem GAF domains (socalled due to their occurrence in mammalian cGMP-binding PDEs, Anabaena adenylyl cyclases and E.
coli FhlA) that bind cyclic nucleotides and are generally believed to allosterically communicate with the
catalytic domain [149,60]. While structurally and pharmacologically most closely related to PDE5 [32],
PDE6 has several features that distinguish it from the other PDE families: (1) whereas cone PDE6
catalytic subunits (gene name PDE6C, common name α’-subunit) form a homodimer as is the case for the
other ten PDE families, most vertebrates have two homologous rod PDE6 catalytic subunit genes
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(PDE6A (α-subunit; Pα) and PDE6B (β-subunit; Pβ) that form a catalytic heterodimer (Pαβ); (2) the
catalytic activity of rod and cone PDE6 operate at the diffusion-controlled limit for enzyme catalyzed
reactions, more than 100-fold greater than the catalytic turnover number for any other PDE family; (3)
unlike other PDE families, PDE6 is directly activated upon binding of a G-protein α-subunit; (4) rod and
cone PDE6 catalytic activity is controlled by the binding of an inhibitory γ-subunit (Pγ; gene names:
PDE6G (rod) and PDE6H (cone; abbreviated as Pγ’)) at the entrance of the enzyme active site; (5) proper
protein folding of PDE6 catalytic subunits requires the participation of a photoreceptor-specific chaperone
protein, aryl-hydrocarbon receptor interacting protein-like 1 (AIPL1); and (6) PDE6 catalytic subunits are
post-translationally modified at their C-termini in a sequential manner by prenylation (farnesyl moiety for
Pα, geranylgeranyl group for Pβ and for the cone α’-subunit), proteolysis, and carboxymethylation
(previously reviewed in [33,136,54,76,7,139].
Until recently, structural information about the molecular organization of the rod or cone catalytic
dimer and association with its two γ-subunits was limited to low resolution structures of rod PDE6
holoenzyme (αβγγ) obtained by negative-stain electron microscopic image analysis [71,70,47], an x-ray
structure of the monomeric cone PDE6 GAFa domain (PDBID: 3DBA) [89] and of a chimeric
PDE5/PDE6 catalytic domain complexed with Pγ (PDBID: 3JWR) [12], and an NMR solution structure
of the intrinsically disordered rod Pγ subunit (PDBID: 2JU4) [120]. Recent structural biology studies on
both rod and cone PDE6 have greatly advanced our understanding of the domain organization, subunit
topology, allosteric regulation, and transducin activation mechanism.

Rod PDE6 Structure
A structural model for the rod Pαβ catalytic dimer, including novel information on the dimerization
interface of Pαβ and asymmetry in the interactions of Pγ with each catalytic subunit, was reported in 2014
[143] based on high-density chemical cross-linking and LC-MS sequencing of cross-linked peptide
fragments (XL-MS) in conjunction with available template structures of rod PDE6 using the Integrated
Modeling Platform [134]. Subsequently, an 11 Å cryo-EM reconstruction of rod PDE6 holoenzyme
complexed with antibody fragments (PDBID: 3JBQ) was reported that validated the overall domain
organization of rod PDE6 and the extended conformation of Pγ that spans both of the GAFa and GAFb
domains and the catalytic domain [148]. However, the reversible domain rearrangement observed by
Zhang et al. [148] upon the removal and rebinding of Pγ with the Pαβ catalytic dimer has not been
observed by others [70,143,114,28].
The first high-resolution (3.4 Å) cryo-EM structure of the rod PDE6 holoenzyme (PDBID: 6MZB)
offered a substantial advance in our knowledge of the molecular architecture of the rod PDE6 quaternary
structure [53]. Gulati et al. resolved the atomic-level structure of most of the N-terminal region of the
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catalytic subunits, mapped a majority of the interaction surface of each the Pγ subunit with Pαβ, and
demonstrated direct allosteric communication between the GAFb domain and the catalytic domain upon
binding of a PDE5/6-selective inhibitor to the enzyme active site. Using XL-MS and integrative structural
modeling, Irwin et al. provided structural data for missing elements from the Gulati et al. PDE6 cryo-EM
structure and elucidated the striking topological differences in the binding of each Pγ subunit to the PDE6
catalytic heterodimer (Fig. 1; [68]). This work also revealed additional elements of secondary structure in
the N-terminal and C-terminal regions of Pαβ as well as provided information on flexible regions that
were poorly resolved by cryo-EM (including the central region of Pγ that interacts with the GAFb and
catalytic domains) [68].

Cone PDE6 Structure
The inability to obtain sufficient quantities of purified cone PDE6 holoenzyme—either from
mammalian retina or by heterologous expression—for atomic-level structural studies has slowed efforts to
evaluate rod-cone differences in PDE6. However, the atomic-level structure and allosteric communication
pathways of the homodimeric cone GAFab regulatory domains have recently been elucidated using x-ray
crystallography at 3.3 Å resolution (PDBID: 6X88) in conjunction with XL-MS experiments and
integrative structural modeling to refine the solution structure by determining flexible elements that were
not resolved in the crystal structure (Fig. 2) [55].
The cone GAFab structure shares the same tandem GAF domain fold as for PDE2, PDE5, and rod
PDE6 [105,131,53,55], with the dimer interface extending the length of the long axis of the two central αhelices and including stabilizing contributions from an α-helix preceding the GAFa domain. The two
monomeric units comprising the homodimer are highly symmetrical, with conformational differences
most pronounced in the regions lacking secondary structure. The GAFab x-ray structure [55] was solved
in the apo state, and a comparison with a previous crystal structure for the cGMP-bound GAFa domain
[89] showed little structural differences, aside from minor movement of residues lining the cGMP binding
pocket. Comparison of cone GAFab (with bound cGMP and Pγ) with the GAFab domains of rod PDE6
holoenzyme reveal the greatest structural differences in the GAFb domain (particularly the GAFb β1/β2
loop) as well as major differences in the interaction surface of Pγ with the GAF domains [55] (discussed
further below). Since the Gupta et al. structure lacks the first 41 amino acids of the N-terminal region as
well as the entire catalytic domain, a full understanding of the structure, conformational dynamics, and
significance of the structural differences between rod and cone PDE6 must await the atomic-level
structural determination of the entire cone PDE6 holoenzyme.
The next challenge is to determine the molecular dynamics of the non-identical cGMP and Pγ binding
interactions with the rod and cone catalytic dimer that accompany transducin activation of PDE6 and the
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allosteric communication network that together regulate PDE6 activation and inactivation during rod and
cone phototransduction. This will help us understand the extent to which structural and regulatory
differences in rod and cone PDE6 holoenzymes account for the striking differences in the photoresponses
of rod and cone photoreceptors [76,66,115], as well as enabling better predictions of the pathogenicity of
human mutations in the catalytic and inhibitory subunits of PDE6 as well as possible pharmacological
approaches to therapeutic interventions.

Catalytic Properties of Rod and Cone PDE6
Rod and cone PDE6 are cGMP-specific PDEs, as evidenced by in vitro measurements of the
Michaelis constants for cGMP and cAMP differing by 40-60-fold (KM = ~15-20 µM for cGMP, 600-900
µM for cAMP [45,95,98]). Both rod and cone catalytic dimers, when fully activated by removal of the Pγ
subunit from the holoenzyme, exhibit diffusion-controlled catalysis of cGMP (4500-5500 cGMP
hydrolyzed per sec per catalytic dimer [45,95,98,114]). The catalytic domain of PDE6 consists of 16 αhelices, with the catalytic center containing tightly bound Zn2+ and Mg2+, as is the case for all eleven
members of the Class I cyclic nucleotide PDEs [13]. Available evidence indicates that the active sites of
Pα and Pβ have similar enzymatic properties to each other and to the cone PDE6 catalytic site [98] as well
as similar binding affinity of Pα and Pβ for the potent PDE5/6 inhibitor, vardenafil [86]. Rod and cone
PDE6 show no significant differences in their ability to be inhibited by a variety of PDE inhibitors [145]
indicating that the structure of the catalytic pockets of all three PDE6 catalytic subunits are very similar
with regards to both substrate specificity and drug binding affinity.

Allosteric Regulation of PDE6
Compared with the allosteric mechanisms responsible for regulation of other GAF-containing PDEs,
the evolution of PDE6 from an ancestral PDE5/PDE6/PDE11 gene [78,80] and the co-evolution of the
inhibitory Pγ subunits [78,133] provides a multifaceted level of allosteric modulation that make it
uniquely suited to serve as the central effector of visual transduction. Whereas PDE2 catalytic activation
occurs upon binding of cGMP to its regulatory GAFb domains resulting in increased substrate access to
the active site [105], regulation of PDE6 hydrolytic activity by cGMP occupancy of the GAFa domain has
not been observed. That said, inter-domain allosteric communication between the GAFa and catalytic
domain of rod PDE6 has been inferred from biochemical observations ([144] and reference cited therein).
Rod PDE6 Allosteric Regulation
Occupancy of the rod PDE6 GAFa domains by cGMP has been shown to enhance the overall affinity
of the Pγ subunit for Pαβ. This cooperative binding effect is reciprocal, in that binding of Pγ to Pαβ
enhances cGMP binding to the two non-identical cGMP binding sites in the GAF domains [140,5,34,95].
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This allosteric mechanism serves to lower the basal catalytic activity of PDE6 in its nonactivated state and
may be a major factor reducing spontaneous PDE6 activation and contributing to the extraordinary light
sensitivity of rod photoreceptors [117].
The inhibitory Pγ subunit is a small (~10 kDa) intrinsically disordered protein whose N-terminal half
binds to the GAFab domain to enhance cGMP binding affinity [146] whereas its C-terminal half interacts
with the catalytic domain to block the entrance to the catalytic site [52,12]. The Pγ subunit is a multifunctional protein (reviewed in [54]) which interacts not only with Pαβ, but also with Gtα and RGS9-1.
Pγ is subject to reversible phosphorylation at two threonine residues in its polycationic region ([104] and
references cited therein). Although transgenic mice in which one or both of these threonine residues were
mutated to alanine residues result in alteration of the rod photoresponse [129,138] and light-induced
increases in Pγ phosphorylation have been observed ex vivo [69], the significance of Pγ phosphorylation
for regulation of the phototransduction pathway in vivo remains unclear.
Recent advances in the structural biology of rod and cone PDE6 have begun to shed light on the
conformational changes associated with the reciprocal positive cooperativity that underlies allosteric
regulation by cGMP and Pγ. The cryo-EM structure of rod PDE6 holoenzyme (with bound cGMP)
provided the first structural evidence for inter-domain interactions (e.g., GAFa β1-β2 loop to GAFb
domain, GAFb β1-β2 loop to catalytic domain) [53]. Chu et al. [28] used quantitative, label-free XL-MS
to evaluate conformational changes in rod PDE6 in four different liganded states: apo Pαβ catalytic dimer,
Pαβ with cGMP occupying the GAFa binding sites, Pαβ reconstituted with two Pγ subunits, and Pαβ with
bound cGMP and two Pγ. Analysis of each liganded state identified cross-linked pairs that underwent
cGMP and/or Pγ-dependent conformational changes in less structured regions of the catalytic domain
(including the M-loop adjacent to the active site). Furthermore, twice as many conformationally sensitive
residues were identified in Pα than Pβ (even though the Pβ subunit was more accessible to the chemical
crosslinker), and Pγ cross-links with the GAFa domain were observed only for the Pα subunit [143,28].
The structural and conformational asymmetry of the Pαβ dimer complement the observations that both
cGMP and Pγ exhibit two non-identical classes of binding sites with the rod heterodimer [96,95], and
suggest that Pα may play the dominant role in allosteric communication between the GAF and catalytic
domains.
Cone PDE6 Allosteric Regulation
Because of the challenges in obtaining purified cone PDE6 [45,64,97], much less is known about
allosteric regulation of cone PDE6 by cGMP and Pγ binding to the cone catalytic homodimer.
A structural analysis of the conformational changes and allosteric regulation of cGMP and Pγ binding
to cone PDE6 has recently been reported, relying on the structure of cone GAFab (described above) as a
template and examining XL-MS results as well as other structural approaches to detect conformational
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changes resulting from cGMP binding, Pγ binding, or binding of both ligands to the GAFab regulatory
domain [55]. Molecular dynamics (MD) simulations comparing the apo and cGMP-liganded cone GAFab
homodimer documented conformational perturbations upon cGMP binding (consistent with a solution
NMR study of the apo and cGMP-bound GAFa domain [89]), as well as structural asymmetry of the two
GAFab subunits comprising the cone homodimer. Cross-linking of Pγ to GAFab in conjunction with
solution NMR spectroscopy of isotopically labeled Pγ identified multiple sites within the central
polycationic region of Pγ interacting with the GAFb domain [55].
From this work a set of structural elements participating in allosteric signal relay mediated by cGMP
and Pγ binding to the regulatory domains of cone PDE6 has been proposed [55]. In this model, binding of
cGMP to GAFa induces conformational changes in the α4 helix (which forms a “lid” to the cGMP
binding pocket) and the GAFa β1/β2 loop, relaying the binding signal to the GAFb domain (Fig. 2, red
highlights). Binding of Pγ and cGMP to GAFab accentuated these conformational changes, consistent
with the reciprocal allosteric regulation observed between cGMP and Pγ in rod PDE6 (see above). Upon
cGMP and/or Pγ binding to GAFab, the GAFb domain undergoes conformational changes most
pronounced in the GAFb β1/β2, β4/β5, and β5/β6 loops as well as significant motion of the long α-helix
that connects the GAFb domain to the catalytic domain (Fig. 2, orange highlights). Until studies of the
conformational dynamics of the complete cone PDE6 holoenzyme can be carried out, it remains to be
determined whether the allosteric communication network between the regulatory GAF domains and the
catalytic domains are similar in the rod and cone PDE6 isoforms.
Physiological significance of cGMP binding to the GAFa domain of PDE6
Although the above-mentioned biochemical and structural studies have demonstrated that allosteric
communication between the GAFab domain and the catalytic domain does occur in PDE6 (as is the case
for the other four GAF-containing PDE families), the functional significance of cGMP binding to
noncatalytic GAFa binding sites remains unclear. It has been proposed that the GAFa binding sites serve
to buffer cGMP levels in the dark-adapted state and work in concert with light-activated guanylyl cyclase
activity to rapidly restore cGMP levels during the recovery phase of the photoresponse [35,141].
However, the rate of cGMP dissociation from noncatalytic binding sites on rod PDE6 is much too slow
[22,103] to significantly contribute to restoration of cytoplasmic cGMP levels during rod photoresponse
recovery. It has also been suggested dissociation of cGMP from GAFa binding sites during prolonged
illumination of rod photoreceptors that persistently lowers cytoplasmic cGMP levels would lead to
decreased affinity of Pγ for Pαβ and allow Pγ to potentiate RGS9-1-catalyzed acceleration of transducin
GTPase [3,34]; see below for discussion of RGS9-1 inactivation mechanism. While a role for cGMP
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dissociation from the noncatalytic sites during prolonged light adaptation remains plausible [41], there is
currently no experimental evidence supporting this idea in rod photoreceptors [21].
A likely role for the noncatalytic cGMP binding sites in PDE6 arises from comparison of
biochemical differences of rod and cone PDE6 in conjunction with the electrophysiological differences in
rod and cone photoreceptors. Whereas the overall affinity of rod and cone Pγ for the rod or cone catalytic
dimer are very similar [98,133], cone PDE6 holoenzyme binds cGMP to its noncatalytic sites with
significantly lower affinity than rod PDE6 [45,64,95]. In combination with the reciprocal positive
cooperativity between cGMP and Pγ binding mentioned above, the more rapid equilibrium of cGMP
binding to the GAFa binding sites in cone PDE6 may be the mechanistic basis for cone photoreceptors
exhibiting a greater level of “dark noise” (i.e., continuous fluctuations in the dark-adapted circulating
current ascribed to spontaneous activation of PDE6) than rod photoreceptors [117,118], as well as
exhibiting higher rates of cGMP metabolic flux [115]. From an evolutionary perspective, it is conceivable
that the exquisite light sensitivity of rod photoreceptors arose from mutations in the GAFa cGMP binding
sites that enhanced the affinity of cGMP for rod PDE6 and thereby reduced the frequency with which Pγ
would dissociate from the catalytic dimer to cause spontaneous activation. Support for this idea comes
from the observation that the number of invariant amino acids in the GAFa domain is 3-fold higher for the
two rod catalytic subunits than for cone GAFa [20]; a similar phenomenon of greater sequence
conservation of rod Pγ compared with cone Pγ has also been observed [133]. While an intriguing
possibility, to date there has been no direct assessment of the idea that the cGMP binding sites in cone
PDE6 have functional significance for regulating the basal activity of cone PDE6 or its
activation/inactivation kinetics in intact cone photoreceptors. A final possibility is that cGMP binding to
the GAFa domain of rod and cone PDE6 primarily serves to facilitate the proper folding of the GAFa
domain during assembly of the PDE6 holoenzyme. The observation that a retinal disease-linked missense
mutation in the cone PDE6 GAFa domain (Arg104Trp; [24]) leads to impaired protein stability [26] lends
support for a role for cGMP binding in stabilizing the structure of PDE6.

Mechanism of PDE6 Activation by Transducin during Visual Excitation
The rod and cone photoreceptor PDE6 signaling complexes are tightly regulated during visual
transduction. Under dark-adapted conditions, the high affinity of the inhibitory Pγ subunits for Pαβ is
responsible for a very low rate of cGMP hydrolysis by its catalytic subunits [36]. Upon light activation of
rhodopsin (Fig. 3, R*, left), the heterotrimeric G-protein (transducin, Gαβγ) undergoes nucleotide
exchange and Gtα*-GTP dissociates from the transducin βγ dimer and rapidly binds to PDE6 holoenzyme
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to relieve the inhibitory constraint of the Pγ subunits (Fig. 3). PDE6 recovers to its nonactivated state by a
deactivation mechanism that is described in detail in a later section.
Despite over four decades of visual transduction research, there remain major gaps in our knowledge
about the mechanism by which catalytic inhibition of rod PDE6 imposed by its Pγ subunit is released
upon interaction with activated Gtα*. As one example, the degree of signal amplification when a
photoactivated rhodopsin (R*) catalyzes GDP/GTP exchange to sequentially activate multiple Gtα*-GTP
subunits continues to be a subject of study [6,4], with recent in vivo estimates from ranging from as little
as 12 Gtα* per R* to greater than a thousand Gtα* per R* (discussed recently in [79,142,81]).
Of particular relevance to this review, there also remains controversy about how activated Gtα* binds
to and relieve Pγ inhibition of the PDE6 holoenzyme, including the affinity and stoichiometry of Gtα*
binding to PDE6, the extent of activation (relative to the full catalytic potential of Pαβ lacking bound Pγ),
and the molecular interactions at each stage of the activation process. This uncertainty can be ascribed in
part to the fact that the rod PDE6 holoenzyme is a catalytic heterodimer to which two Pγ subunits bind in
a functionally and structurally asymmetric manner (Fig. 1). Historically, several biochemical activation
mechanisms have been postulated for rod PDE6, including: (a) binding of a single Gtα* subunit to PDE6
induces nearly full enzyme activation at both catalytic sites [18,91]; (b) binding of two Gtα* subunits per
PDE6, each of which independently activates one-half of the maximum catalytic activity [137,84]; and (c)
binding of two Gtα* to PDE6 occurs in a sequential manner, the first binding event causing little catalytic
activation of PDE6, with the binding of the second Gtα* causing either partial [93,43] or complete
[14,114] catalytic activation. The preponderance of evidence from studies that have examined the extent
of PDE6 activation by Gtα* over a range of Gtα* concentrations is that Gtα* is capable of activating
PDE6 holoenzyme to the same extent as Pαβ (prepared by limited trypsin proteolysis to degrade the Pγ
subunits) [14,18,91,86,147,68]. The consensus from both biochemical [137,29,114] and structural studies
[68] support the requirement for two Gtα* molecules to bind to PDE6 to achieve full activation. The
prevailing view is that the two Gtα* binding sites on PDE6 exhibit large differences in binding affinity
[14,93,114].
Our knowledge of the activation mechanism of cone PDE6 is mainly derived from transgenic mice
studies in which rod and cone homologs of opsin, transducin, or PDE6 have been manipulated (reviewed
in [66]). In the absence of obvious differences in the biochemical properties of rod and cone opsin,
transducin, or PDE6 catalytic subunits, Wang et al. [133] conducted a phylogenetic analysis of rod and
cone Pγ sequences and used this information to evaluate whether sequence differences of rod and cone Pγ
might account for the greater in vitro effectiveness of cone PDE6 to become activated by rod transducin
than rod PDE6 [45]. Wang et al. discovered that a rod Pγ-specific sequence motif (amino acids 9-18)
suppressed efficient GTα* activation of PDE6 whereas two cone Pγ-specific amino acid residues (Asn-13
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and Gln-14) facilitated transducin activation of PDE6. This work identified a novel role for the Nterminal region of Pγ for regulating the extent of Gtα* activation of PDE6 in vitro, adding yet another
element of regulatory significance to this multifunctional, intrinsically disordered inhibitory subunit of
PDE6 [54]. Future work is needed to reconcile these in vitro observations on rod-cone differences in the
Pγ subunit with well-established physiological differences in the light sensitivity and kinetics of rod and
cone photoresponses [66]; indeed, it would be interesting to ascertain the consequences of using
transgenic mice in which rod Pγ was substituted for cone Pγ in rod photoreceptors, as was done with the
cone catalytic subunit [87].
Molecular Architecture of the Gtα*-PDE6 Activation Complex
Two different reports of the topology of the Gtα*-PDE6 activated complex have come to somewhat
different conclusions about the mechanism of Gtα* binding to the PDE6 holoenzyme and relieving Pγ
inhibition of catalysis. Irwin et al. conducted XL-MS experiments of the complex of an aluminum
fluoride-activated transducin α-subunit (Gtα*-GDP-AlF, in which AlF4- acts as an analog of the terminal
phosphate of GTP [16]) and PDE6 holoenzyme (both isolated from bovine rod outer segments)
reconstituted on liposomal membranes, as well as reporting on the Pγ-Gtα* complex [68]. It was first
observed that tethering Gtα to the membrane causes the N-terminal α-helix (αN) to come into proximity
to the guanine nucleotide binding site of Gtα, in contrast to the conformation of the N-terminus observed
in the crystal structure of the transducin heterotrimer (PDBID: 1G0T [82]). Upon addition of Pγ to Gtα*GDP-AlF, several cross-links were detected between the polycationic region of Pγ (residues 25, 39, and
45) and the Gtα switch II region and the αB and αC elements of the helical domain [68], consistent with
earlier biochemical studies [8,147]. Upon formation of the membrane-confined Gtα*-GDP-AlF-PDE6
activated complex (that activated PDE6 catalysis to the same extent as Pαβ), Irwin et al. characterized two
different sets of Gtα* docking sites from their crosslinking data (Fig. 4A and 4B): (a) numerous crosslinks
defined an interface of interaction of two Gtα* molecules with the Pα and Pβ catalytic domains (Fig. 4A),
consistent with previous mutagenesis studies [101,51] and analogous to the configuration of the complex
of adenylyl cyclase with Gsα [113]; (b) Pα- and Pβ-specific crosslinks between the GAFb domains and
Gtα* generated structural models (Fig. 4B) implicating docking of Gtα to the polycationic region of Pγ
that is localized to the GAFb domains of nonactivated PDE6 [68]. Although the conformational changes
of Pγ upon transducin activation of PDE6 could not be resolved in this study, the overall results are
suggestive of the following sequential activation mechanism: (a) the first Gtα* molecule initially binds to
the GAFb domain of nonactivated PDE6 holoenzyme (Fig. 4B) without significantly inducing PDE6
activation, due to high affinity interactions of Gtα* with the Pγ polycationic region (see Fig. 1); (b)
binding of Gtα* to Pγ weakens Pγ interactions with the PDE6 GAFb domain, causing Gtα* (complexed
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with the polycationic region of Pγ) to migrate to the catalytic domain (Fig. 4A), and also inducing the Nterminal portion of Pγ to be displaced from its interactions with GAFa (consistent with biochemical
studies of elevated rates of cGMP dissociation from GAFa upon Gtα* activation of PDE6 [103,146]; (c)
these structural rearrangements facilitate binding of the second Gtα* to the other catalytic subunit,
resulting in displacement of both Pγ C-terminal regions from the enzyme active sites and full catalytic
activation of PDE6 (see Fig. 4 of [68] for details).
Gao et al. subsequently reported the 3.2 Å cryo-EM structure of a soluble complex of a transducin/Giα
chimera and PDE6 holoenzyme (PDBID: 7jsn) in which the PDE5/6 inhibitor vardenafil occupies the
PDE6 catalytic sites and the activated complex was formed by use of a bivalent antibody that tethered two
Gtα* molecules to stabilize the Gtα*-PDE6 complex [43]. The two Gtα* subunits are docked to the GAFb
domain of Pα and Pβ (Fig. 4C) in an upside-down configuration (relative to the presumed Gtα*
orientation when associated with the membrane) and form numerous interactions with the Pγ subunits
whose C-terminal region has been completely displaced from its association with the catalytic domain
without significant changes in the interactions of the N-terminal region of Pγ with the GAFa domains
[43]. Evaluation of the dynamic elements of the Gtα*-PDE6 complex by multi-body refinement and
principal component analysis revealed concerted motions of the two Gtα* subunits consistent with an
alternating-site catalytic mechanism that involves inter-subunit communication between Pα and Pβ as
well as fluctuations in Pγ conformation; this mechanism would relieve Pγ inhibition at only one active site
at a time, and hence lead to a maximum of 50% of the activity of Pαβ lacking Pγ) [43].
The differences in the structural models presented by these two groups highlight limitations in each
study. While the advantages of the XL-MS study include assembly of the Gtα*-PDE6 complex on the
membrane with native, purified proteins in a more physiological orientation, and the ability to sample an
ensemble of conformations, a major drawback is the relatively low resolution of this approach including
the need to identify multiple crosslinks to generate sufficient distance constraints for accurate modeling.
Although the cryo-EM study offers atomic-level resolution of the Gtα*-PDE6 complex, the use of a
bivalent antibody to bind two Gtα* molecules in order to obtain stable protein complexes with PDE6 may
have prevented Gtα* docking to the PDE6 holoenzyme in a manner that occurs in vivo; this concern is
heightened by the fact that occupancy of the active site by vardenafil (to stabilize the Gtα*-PDE6
complex for cryo-EM) is likely to have weakened Pγ affinity for the catalytic domain due to competition
between the drug and Pγ for the active site [145]. Future advances in determining the mechanism of
transducin activation of PDE6 will require investigating the sequence of binding events and the
conformational dynamics that occur when each of the two Gtα* subunits interact with a catalytic subunit
and its bound Pγ to release the catalytic potential of the PDE6 active sites during visual excitation.
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Inactivation of PDE6 by RGS9-1 during Recovery to the Dark-Adapted State
Under most physiological conditions, the rate-limiting step for recovery of the photoresponse in rod
and cone photoreceptors is the inactivation of the Gtα*-PDE activated state that is regulated by the
GTPase accelerating protein (GAP) RGS9-1 and its binding partners (Fig. 3) [77,7,107]. RGS9-1 is a
photoreceptor-specific splice variant of the R7 sub-family of RGS proteins [58,2]. The RGS9-1 domain
organization consists of an RGS catalytic domain (responsible for its GAP activity), a G protein γ-like
(GGL) domain that interacts with the Gβ5L protein (a member of the G protein β-subunit family), and the
N-terminal DEP (Dishevelled, Egl10, Pleckstrin) and DEP helical extension (DHEX) domains. The DEP
domain is believed to interact with the RGS9-1 anchoring protein R9AP [63,85]. The PDE6 Pγ subunit is
known to potentiate the intrinsic GAP activity of RGS9-1 [3], with enhancement of GAP activity
occurring when Gtα*-GTP is reconstituted with the entire RGS9-1/Gβ5 heterodimer [59]. Binding of
R9AP to RGS9-1/Gβ5 is reported to further enhance GAP activity by a distinct mechanism [85,88,11]. In
addition, reversible phosphorylation of RGS9-1 near its C-terminus and other light-dependent reactions
have been suggested to influence R9AP binding affinity and/or potentiation of GAP activity ([125] and
references cited therein).
Whereas the biochemical mechanism of RGS9-1-catalyzed acceleration of transducin GTPase activity
and the physiological role of RGS9-1 as the rate-limited step in the recovery of the photoresponse have
been well studied, the molecular organization of the PDE6 deactivation complex and the sequence of
steps by which RGS9-1 binds to the activated Gtα*-PDE6 complex, engages the Pγ subunit to facilitate
acceleration of GTPase activity, and then dissociates to restore the nonactivated state of transducin and
PDE6 remains to be explored.

Tissue and Subcellular Distribution of PDE6
The tissue distribution of PDE6 is quite restricted compared with other PDE family members. Rod
PDE6 holoenzyme is localized to the disk membranes of photoreceptor outer segments at high
concentrations (80 PDE6 holoenzyme molecules per µm2 of disk membrane surface); this represents a
PDE6:transducin:rhodopsin ratio of 1:30:300 [108]; the density of cone phototransduction proteins on the
corresponding membrane surface of cone outer segments is less well understood. In addition, the
mammalian pineal gland has been shown to contain not only PDE6 but also other phototransduction
proteins [23,17,62]. While there are reports of PDE6 catalytic or inhibitory subunits being expressed in
non-photoreceptive tissues or in tumor cells [123,102,40,48,150], the functional significance is uncertain
because in many instances the work is based only on the presence of mRNA transcripts without
verification of protein expression. Furthermore, co-expression of PDE6 catalytic and inhibitory subunits
outside of photoreceptive tissues has not yet been reported, raising questions about the functional
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significance of individual PDE6 catalytic genes being expressed or of novel binding partners for the Pγ
subunit in the absence of PDE6 catalytic subunits.

PDE6 Pharmacology
PDE Inhibitor Compounds
Drugs targeting cyclic nucleotide PDEs have largely focused on compounds intended to bind to the
enzyme active site with high affinity and thereby block the catalysis of cyclic nucleotides [90]. This
therapeutic strategy has seen remarkable success with the introduction of numerous FDA-approved PDE
inhibitors that selectively target individual PDE families, and, in a few instances, specific isoforms of a
particular PDE family [9]. Since there are no obvious clinical applications for inhibitor compounds
targeting rod and cone PDE6, most pharmacological research on PDE6 has focused on designing inhibitor
compounds for other PDE families that have low affinity for PDE6 [32].
PDE6 is most closely related to the PDE5 enzyme family, based on primary sequence, threedimensional structure, substrate specificity, as well as known susceptibility to inhibition by compounds
designed to target the PDE5 active site [32]. Whereas most so-called PDE5-selective inhibitors are more
accurately characterized as PDE5/6-selective inhibitors due to lack of selectivity for PDE5 over rod or
cone PDE6 (e.g., sildenafil, vardenafil [145]), a few compounds have been identified that inhibit PDE5
with 100-fold or greater potency than PDE6 (e.g., tadalafil [39,145]). PDE5/6 inhibitors paradoxically
elevate the hydrolytic activity of nonactivated PDE6, which has been shown to result from the
competition between the Pγ subunit, the PDE5/6 inhibitor, and substrate for binding to the active site
[46,145]. Mutagenesis and structural studies have provided insights into the differences in the PDE5 and
PDE6 drug binding sites [20,106,43] that will aid future structure-guided drug design of next-generation
PDE5 inhibitors with greater selectivity for PDE5 over PDE6 [65,72].
Overall, administration of PDE5-targeted inhibitors has not been correlated with major adverse
effects on retinal function in healthy individuals, but their use is contraindicated for individuals diagnosed
with hereditary retinal disease [83]. Minor adverse side effects to visual function associated with
administration of approved PDE5 inhibitors can arise from direct effects on inhibition of PDE6 in rod and
cone photoreceptors (e.g., impaired color vision, photophobia) as well as by inhibition of PDE5 that is
present in vascular smooth muscle of ocular blood vessels [74,9,37].
Given the evidence that elevated cGMP levels in retinal photoreceptors are cytotoxic and lead to
photoreceptor cell death (see next section), pharmacological approaches to elevating PDE6 activity hold
promise for neuroprotection of photoreceptors. One potential drug target is the cGMP-binding GAFa
domains of rod and cone PDE6; compounds that displace cGMP from its GAFa binding sites might be
expected to elevate the basal activity of PDE6, given the positive cooperativity between cGMP binding
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and Pγ binding affinity (see section on Allosteric Regulation of PDE6). Another possible strategy to
modulate PDE6 activity would be to identify small molecules or interfering peptides [10,19] that could
serve as allosteric modulators of catalytic activity or alternatively alter Pγ interactions with PDE6
catalytic subunits (e.g., short Pγ peptides that compete with endogenous Pγ and enhance hydrolytic
activity [95]). The ability to counteract the cytotoxic effects of excessive cGMP accumulation by
pharmacologically manipulating the activity of PDE6 would have applicability to a number of inherited
retinal diseases, making this approach an attractive alternative to gene therapy that targets a single
defective gene [124].

Molecular Etiology of Retinal Diseases Resulting from Mutations in PDE6
Some inherited retinal diseases are caused by dysregulation of the phototransduction pathway in
rod and cone photoreceptors that lead to an excessive accumulation of cGMP. This can result in an influx
of calcium ions and/or activation of protein kinase G and, ultimately, photoreceptor cell death
[132,49,67,126] (see accompanying article by Francois Paquet-Durand). These retinal diseases include
retinitis pigmentosa [56,38], cone-rod dystrophy [57,128], congenital stationary night blindness [127],
Leber congenital amaurosis [75] and achromatopsia [116,61]. Impaired regulation of photoresponse
recovery or of light adaptation arising from prolonged activation of the phototransduction pathway can
also lead to visual disorders (e.g., bradyopsia [92,121]).
Mutations in the genes coding for rod and cone PDE6 (PDE6A, PDE6B, PDE6G, and PDE6H)
account for a significant fraction of the retinal degenerative diseases (cataloged at the Retinal Information
Network: https://sph.uth.edu/RETNET/). Indeed, the identification of a naturally occurring mutation in
PDE6B gene in the rd1 mouse was perhaps the earliest identification of a genetic defect associated with
retinal degeneration [73,119,109]. Since then, substantial progress has been made in understanding the
physiological consequences of mutations in PDE6 genes through the use of transgenic mice in which a
PDE6 gene [or the PDE6 chaperone, AIPL1 [50]] has been mutated (reviewed in [130,30]). Dysregulation
of cGMP metabolism due to these inherited defects in structure, function and/or regulation of PDE6
typically results in complex phenotypes leading to photoreceptor cell death (for review, see [111]).
In addition to in vivo characterization of selected PDE6 mutations using animal models, advances
over the past decade in heterologous expression of PDE6 catalytic subunits—either through ectopic
expression of constructs in transgenic X. laevis photoreceptors [99,98,27,26] or, more recently, through
heterologous co-expression of PDE6 catalytic and Pγ subunits with AIPL1 in mammalian cell culture
[50,49]—have enabled the study of the molecular etiology of PDE6 mutations underlying retinal
degenerative diseases. The combination of in vivo and heterologous expression studies permits the
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categorization of disease-causing PDE6 mutations into several (not mutually exclusive) categories: (1)
aberrant folding and/or subunit assembly of PDE6 catalytic and inhibitory subunits with AIPL1 during
biosynthesis in the inner segment leading to disturbances in the protein homeostasis network; (2)
abnormal trafficking of PDE6 from the inner segment to its destination on the outer segment membrane;
(3) loss of catalytic activity due to alterations in the conformation of the enzyme active site; (4) elevated
catalytic activity arising from an inability of Pγ to occlude the active site in its nonactivated state; (5)
disruption of the allosteric communication network between the GAF domains and the catalytic domain;
and (6) alterations in the surface of interaction of PDE6 with PDE6-interacting proteins (e.g., transducin,
RGS9-1, protein kinases).
However, we still lack a mechanistic understanding of the structure, conformational dynamics,
and regulation of PDE6 and its binding partners needed for the rational design of novel therapeutic
interventions for retinal diseases (see previous section). Recent developments in predicting the
pathogenicity of human mutations have emphasized the importance of understanding not just the amino
acid sequence and 3-dimensional structure (e.g., PolyPhen-2 [1]) but also the conformational dynamics
and binding interfaces of mutated proteins [110]. The importance of understanding the structure, protein
dynamics, and molecular organization of PDE6 interacting proteins is highlighted by the following
observations: (1) several conformationally sensitive residues of rod Pαβ are in proximity to known human
PDE6 missense mutations [28]; (2) a number of disease-causing mutations in the cone PDE6 GAFab
domain are localized to sites that undergo ligand-dependent conformational changes, including the GAFa
β1/β2 loop and the GAFb β1/β2 loop (see Fig. 8 of [55]); (3) a disease-causing missense mutation in the
Gtα subunit (Q200E [122]) is located in the interface of interaction of Gtα with rod PDE6 [68,43] while
another Gtα mutation (D129G [100] is within 10 Å of the polycationic region of Pγ that binds to Gtα
[68]). The prevalence of disease-causing mutations in flexible, conformationally dynamic regions of
PDE6 subunits support the hypothesis that therapeutic strategies targeting the allosteric communication
pathway of PDE6 and its interface of interaction with binding partners offers promise for pharmacological
interventions designed to ameliorate dysregulation of cGMP metabolism and enhance photoreceptor
health and survival.
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Fig. 1 Structural model of rod PDE6 holoenzyme. Rod PDE6 consists of a catalytic heterodimer (Pαβ) to
which two Pγ subunits bind in an extended linear conformation. Each Pγ subunit primarily interacts with
one catalytic subunit, extending from the cGMP binding GAFa domain to the GAFb domain and then
crossing over to the catalytic domain where the Pγ C-terminal residues occlude the entrance to the
enzyme active site in the nonactivated state. The two views, rotated by 180⁰, demonstrate the asymmetry
of the interaction surface of each Pγ subunit with Pαβ, especially in the polycationic region of Pγ that
interacts with the GAFb domain. The C-terminus of each catalytic subunit is post-translationally modified
with a farnesyl group (F) or a geranylgeranyl group (GG). Adapted from [68].
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Fig. 2 Structural model for the regulatory GAFab domains of cone PDE6 liganded with cGMP and Pγ.
The two chains of the cone GAFab regulatory domains (amino acids 42-458) are colored green and dark
blue, while the truncated Pγ subunits (amino acids 1 to 58) are depicted as thick orange and yellow lines.
Major structural elements undergoing ligand-dependent conformational changes in the GAFa domain (red
labels) and GAFb domain (orange labels) are highlighted, with arrows indicating the proposed allosteric
communication pathway from GAFa to GAFb (red arrows) and from GAFb to the catalytic domain
(orange arrows). Adapted from [55].
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Fig. 3 Protein complexes involved in visual excitation and deactivation in rod photoreceptor cells.
Binding of transducin (Gαβγ) to photoactivated rhodopsin (R*) leads to GTP exchange on Gtα and
dissociation of the activated Gtα*-GTP subunit. PDE6 holoenzyme (αβγγ) is maximally activated upon
binding of two Gtα*-GTP that displace the inhibitory Pγ subunits from the enzyme active site (not
visible). Restoration of the nonactivated state of PDE6 involves interaction of the RGS9-1 inactivation
complex with Gtα*-GTP and Pγ that accelerates the GTPase activity of Gtα*. Gtα-GDP then dissociates
from PDE6, leading to the re-inhibition of PDE6 and the dissociation of Gtα-GDP to re-form the inactive
transducin heterotrimer. Space-filling models were generated from the following sources: R*-Gαβγ [44];
Gtα*-PDE6 activated complex [68]; RGS9/Gβ5L [25]; R9AP homology model was generated with ITasser with its C-terminal domain inserted into the membrane [15].
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Fig. 4 Comparison of structural models for the proposed interactions of PDE6 with activated Gtα* a.
Structural model for Gtα* docking to the catalytic domain of membrane-associated rod PDE6 (adapted
from Fig. 3A of {Irwin, 2019 #8185}). b. Model of Gtα* binding to the GAFb domain of PDE6 (from
Fig. 3C of {Irwin, 2019 #8185}); c. Structural model of chimeric Gtα/Giα docking to GAFb region of
rod PDE6 (adapted from {Gao, 2020 #8312}; PDBID: 7jsn). In each panel, the three structures were
aligned to the PDE6 catalytic dimer (Pα, cyan; Pβ, green). Only one of the two G-protein subunits bound
to PDE6 is shown for the sake of clarity with α-helical elements colored to visualize conformational
differences of the binding interfaces (N-terminal αN helix, magenta; αC and αD helices within the helical
domain, yellow; α3 region of Ras domain, blue; C-terminal α5 helix, red).
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